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Abstract The recombinant alanine dehydrogenase (ADH)
from E. coli containing Thermus caldophilus ADH was
purified to homogeneity from a cell-free extract. The enzyme
was purified 38-fold with a yield of 68% from the starting
cell-free extract. The purified enzyme gave a single band in
polyacrylamide gel electrophoresis, and its molecular weight
was estimated to be 45 kDa. The pH optimum was 8.0 for
reductive amination of pyruvate and 12.0 for oxidative
deamination of L-alanine. The enzyme was stable up to 70°C.
The activity of the enzyme was inhibited by 1 mM Zn™*, 20%
hexane, and 20% CHCI,. However, 10 mM Mg™ and 40%
propanol had no effect on the enzyme activity. The Michaelis
constants (K,) for the substrates were 50 uM for NADH,
0.2 mM for pyruvate, 39.4 mM for NH,, 2.6 mM for L-
alanine, and 1.8 mM for NAD".
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Alanine dehydrogenase (L-alanine: NAD" oxidoreductase,
EC 1.4.1.1, shortly ADH), catalyzing a reversible oxidative
deamination of L-alanine to pyruvate, has an important
role in carbon and nitrogen metabolism in various
microorganisms by providing a link between carbohydrate
and amino acid metabolisms [13]. Bacillus ADH apparently
plays a part in the catabolism of L-alanine to pyruvate and,
in further catabolism by the tricarboxylic acid cycle, both
of these catabolic processes provide the energy necessary
for sporulation during the differentiation of these cells [3,
13, 19]. When carrying out the amination of pyruvate to L-
alanine, the enzyme can be used for nitrogen assimilation,
and it is so used in Rhodobacter capsulatus and Streptomyces
aureofaciens [2,25]. In addition, the ADH involved in
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anaerobic catabolic processes has been investigated in the
Desulfotomaculum ruminis and two marine Desulfovibrio
strains, where the enzyme is involved in the degradation of
L-alanine as an energy source [21]. The biochemical
properties of the enzyme purified from various bacteria
have been characterized [14, 18, 20, 24], and several bacterial
ADH genes have been cloned [1, 5, 9, 19]. Ohstima et al.
and Vali ez al. reported an abundant occurrence of ADH
in several thermophilic strains [14, 17, 24]. The enzymes
from thermophiles have more potential usefulness as a
technical catalyst with higher stability than those counterparts
from the mesophiles [7, 12, 16]. In the present study, ADH
from Thermus caldophilus GK 24 [6, 23] was purified, and
the kinetic properties were investigated.

The ADH gene is composed of 1107 base pairs and
encodes a polypeptide of 369 amino acid residues. The
plasmid pJR18 for the high expression of the ADH gene
(AY293734) was constructed and transformed o E. coli
MV 1184 [10]. Recombined E. coli was grown at 37°C and
200 rpm in LB medium containing ampicillin of 100 pg/
ml. When cell growth reached 0.5- 0.7 O.D. at 600 nm, 0.5
mM IPTG (isopropyl-B-D-thiogalactopyranoside, Sigma,
U.S.A.) was added to the culture medium and then the
cells were grown continuously for 7 h. After removing the
culture supernatant by centrifugation at 10,000 xg for 20
min, the resulting cells were disintegrated by sonication,
and then the unbroken cells and cell debris were removed
by centrifugation at 10,000 xg for 20 min. The supernatant
was used as a starting enzyme source for the purification
processes. The crude enzyme preparation was treated
by heating at 70°C for 30 min. A chromatographic step
procedure was performed at room temperaturc with a
FPLC AKTA system (Pharmacia, Uppsala, Sweden). Two
hundreds pl of enzyme preparation were loaded onto a
column of Hiprep 16/10 DEAE FF (10x1.6 cm, Pharmacia)
pre-equilibrated with 50 mM potassium phosphate buffer
(pH 8.0). The proteins were eluted with a linear gradient of
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Table 1. Summary of purification of alanine dehydrogenase from Thermus caldophilus GK 24.

Steps Total protein (mg)  Total activity (U)  Specific activity (U/mg) Yield (%) Purification fold
Crude enzyme 137 273 2 100 1
Heat treatment 51 192 4 70 2
FPLC (DEAE column) 3 185 75 68 38

0-30%, 30-60%, and 60- 100% of 1 M NaCl at a flow
rate of 5 ml/min. Protein concentrations were determined
by the bicinchoninic acid (BCA) protein assay method
with bovine serum albumin (BSA) as the standard (Pierce,
U.S.A.). Enzyme activity was assayed in 50 mM potassium
phosphate buffer (pH 8.0) at 37°C. One ml of the reaction
mixture for the oxidative deamination contained 10 pmol
of L-alanine, 2 umol of NAD (Sigma, MO, U.S.A)),
100 umol of potassium phosphate buffer (pH 8.0), and the
enzyme. The reaction was initiated by the addition of
enzyme, and at its completion the rate of O.D. increase
was measured at 340 nm with an Ultrospec 3100 pro
UV/visible spectrophotometer (Pharmacia). The assay
system for the reductive amination consisted of 10 pmol
of sodium pyruvate, 0.4 mmol of NH,CI/NH,OH (pH
8.0), 0.15 umol of NADH (Sigma, MO, U.S.A.), and
100 umol of Tris/HCI buffer (pH 8.0). The reaction rate
was determined by measuring the rate of decrease in
absorbance at 340 nm.
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Fig. 1. SDS-PAGE of the purified alanine dehydrogenase.
M: standard marker; lane 1: Crude enzyme; lane 2: After heat treatment;
lane 3: After ion exchange chromatography.

L-Alanine+H,0+NAD"*
(Oxidative deamination: —)
(Reductive amination: <)

Pyruvate+NH,+NADH

One unit of enzyme is defined as the amount of enzyme to
catalyze the formation of 1 umol of NADH per min in the
oxidative deamination. ADH was obtained as an intracellular
enzyme [22]. The enzyme was purified about 38-fold
simply by a two-step purification process, involving heat
treatment and anion exchange column chromatography
(Table 1). The enzyme preparation at each purification step
was analyzed by SDS-PAGE (Fig. 1). The final enzyme
preparation was found to be purified with a yield of 68%,
based on the crude enzyme (Table 1). As shown in Fig. 1,
SDS-PAGE revealed a single protein band of a molecular
mass of 45 kDa, which is the same as the theoretical value
for this band. The molecular mass of many other microbial
ADHs from Thermus thermophilus, Bilophila wadsworthia,
Phormidium lapideum, and Bacillus sphaericus were around
48, 42, 41, and 38 kDa, respectively [11, 14, 18, 24]. The
optimum pH of the enzyme activity was determined by
measuring the activity within the pH range from 4.0 to
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Fig. 2. Effect of pH (@) on the alanine dehydrogenase activity
for amination (A) and deamination (B) reactions, and pH stability
(O); effect of temperature (@) on the alanine dehydrogenase
activity for amination (C) and deamination (D) reactions, and
thermal stability (O).
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Table 2. The effect of various organic solvents on the activity of
alanine dehydrogenase.

Table 4. The Michaelis constant of the purified alanine
dehydrogenase.

. Relative activity (%) Substrate Michaelis constant (K,,, mM)
Organic solvents
Concn. 20% (viv)  Concn. 40% (v/v) Alanine 2.6
None 100 100 NAD’ 1.8
Ethyl acetate 105 60 Pyruvate 0.2
Hexane 48 10 NAPH 0.05
Methanol 89 69 NH; 39.4
Ethanol 96 81
Propanol 122 110 o , _
Butanol 114 56 inhibitory. However, 10 mM Mg™ and 40% prcpanol did
CHC, 33 12 not affect the enzyme activity, and it was slightly inhibited

13.0 (Sodium acetate buffer, 4.0~ 5.0; Potassium phosphate
buffer, 6.0-8.0; CAPS buffer, 9.0-11.0; Borate/NaOH
buffer, 12.0- 13.0) by incubating the enzyme. As shown in
Figs. 2A and 2B, the maximum activity of the enzyme for
the oxidative deamination of L-alanine was pH 12.0, and
for the reductive amination of pyruvate was pH 8.0. This
property was very similar to those of the intact Thermus
thermophilus enzyme [24]). The pH stability of the ADH
was determined by incubating the enzyme for 24 h at
25°C in 50 mM buffer of different pH values, and then
measuring the remaining activities. The enzyme was stable
in the pH range of 8.0~ 13.0 and 7.0- 9.0 for the deamination
and amination reactions, respectively (Figs. 2A and 2B). To
examine the effect of temperature on enzyme activity, enzyme
reactions were performed at various temperatures ranging
from 25 to 100°C. The optimum temperature for ADH
activity was approximately 55 to 60°C for the deamination
and amination reactions (Figs. 2C and 2D). Thermal stability
of the enzyme was estimated by measurement of residual
activity after preincubation at various temperatures. The
enzymes were stable up to 70°C for the deamination and
amination reactions (Figs. 2C and 2D). The effect of various
chemicals on the reductive activity of the amination reaction
was examined. The activity of the enzyme was strongly
inhibited by 1 mM Zn*, 20% hexane, and 20% CHCI,,
however, the enzyme was not influenced by 20% ethylacetate
and 20% butanol. Tons such as Mn* and Ca™ were also

Table 3. The effect of various metal ions and detergents on'the
activity of alanine dehydrogenase.

Relative activity (%)

Metal ions
Concn. 1 mM Concn. 10 mM

None 100 100
CaCl, 64 12
MgCl, 101 99
MnCl, 44 10
ZnCl, 5 0
SDS 49 10
EDTA 97 68

(3%) by 1 mM EDTA (Tables 2 and 3). These results
are similar to those of other microbial ADHs. Zn® was
reported to be inhibitory on the activity of ADH from
Bacillus subtilis [8], and EDTA had no effect on the activity
of the enzymes from Bacillus sphaericus and Phormidium
lapideum [14,18]. The K_ values for the substrates in
the forward (oxidative deamination) and reverse reactions
(reductive amination) were determined at the optimum pH
and at 60°C for each direction, and were obtained from the
secondary plots of intercepts rather than the reciprocal
concentrations of the other substrate. The K, values
estimated for the oxidative deamination were 2.6 mM for
L-alanine and 1.8 mM for NAD® and, for the reductive
amination, they were 0.2 mM, 0.05 mM, and 39.4 mM
for pyruvate, NADH, and ammonia, respectively (Table 4},
The ADH of Thermus sp. had apparent K, values for
the substrate that were of the same magnitude as those
of ADHs from other species. The K, value of 2.5 mM for
L-alanine belongs to the lower K, values in comparison
with other ADHs {6, 15], making the enzyme apparently
suitable for use in oxidative deamination. This conclusion
is supported by the relatively high K value of 39 mM for
ammonia. When performing the oxidative deamination of
alanine, the enzyme can be used for the estimation of
the quantity of alanine in the fermentation broth, since this
alanine dehydrogenase has relatively low K values for
alanine.
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